Animals detect light using opsin photopigments. One recently classified opsin clade, the xenopsins, 22 found in lophotrochozoans, challenges our views on opsin and photoreceptor evolution. Originally 23 thought to belong to the Gai-coupled ciliary opsins, xenopsins are now understood to have 24 diverged from ciliary opsins in pre-bilaterian times, but little is known about the cells that deploy 25 these proteins, or if they form a photopigment and drive phototransduction. We characterized 26 xenopsin in a flatworm, Maritigrella crozieri, and found that it is expressed in a larval eyespot, and 27 in an abundant extraocular cell type around the adult brain. These distinct cells house hundreds of 28 cilia in an intra-cellular vacuole (a phaosome). Cellular assays show Mc xenopsin forms a 29 photopigment and couples to Gαi/o in response to light. These findings reveal a novel photoreceptor 30 cell type and opsin/G-protein couple, and highlight the convergent enclosure of photosensitive cilia 31 in flatworm phaosomes and jawed vertebrate rods. 32
Introduction 34
Light is a key biological stimulus for most animals, and a rich diversity of photosensitive cells has 35 evolved. Depending on the form of their elaborated apical plasma membranes, these cells have 36 been characterized as either ciliary photoreceptors (CPRs) or rhabdomeric (microvillar) 37 photoreceptors (RPRs) (Eakin, 1982) . When rhabdomeric and ciliary photoreceptors coexist in the 38 same organism, one type (rhabdomeric in most invertebrates, ciliary in vertebrates) typically 39 dominates in the eyes while the other performs nonvisual functions in the eyes or is present as 40 extraocular photoreceptors (Arendt et al., 2004; Yau and Hardie, 2009 ). Photopigments are 41 responsible for the light-dependent chemical reactions in these cells, and all animal phyla, with the 42 exception of sponges, employ photopigments composed of opsin-class G-protein-coupled receptors 43 (GPCRs) coupled with a light-sensitive chromophore (a retinaldehyde) (Nilsson, 2013; Bok et al., 44 2017) . The initial characterization of opsins in bilaterian animals identified several conserved opsin 45 gene families (Terakita, 2005) , and each family has been associated with distinct photoreceptor cell 46 types and specific downstream G-protein phototransduction cascades (reviewed in Lamb, 2013) . 47 leading to the reevaluation of eye and photoreceptor cell type evolution (Vöcking et al., 2017) . 58 and that xenopsins were subsequently lost in deuterostomes and ecdysozoan protostomes 68 (Vöcking et al., 2017) . Existing data on the expression of xenopsins are limited to the larval stages of 69 a chiton and a brachiopod. In the brachiopod, xenopsin is expressed in cells with elaborated cilia 70 and shading pigment i.e. pigmented eyespots (Passamaneck et al., 2011), whereas, unusually, in the 71 chiton larva it is co-expressed with r-opsin in cells containing both cilia and microvilli. Some of these 72 cells are supported by pigmented cells i.e. they probably form simple eyes, whereas others lack 73 pigment and cannot act as visual photoreceptors (Vöcking et al., 2017) . Here we analyse xenopsin expression in a polyclad flatworm, in both larval and adult stages. We 103 explore whether polyclad xenopsin can form a photopigment, and which class(es) of G-protein it 104 can couple to by carrying out the first functional cellular assays on a xenopsin. For the first time we 105 record the presence of xenopsin expressing cells in an adult lophotrochozoan, and characterize the 106 ultrastructure of these unusual ciliary phaosome cells demonstrating similarities to jawed 107 vertebrate rod photoreceptors. Together our findings show that xenopsin forms a photopigment 108 driving phototransduction through Gi/o signalling, and it's expression in ciliary phaosome cells 109 establishes them as photoreceptors. 110 111 Results 112
1.
Xenopsins and rhabdomeric opsins in flatworms 113
114
A 346 amino acid gene product showing similarity to protostome c-opsin and xenopsin was 115 predicted from a Maritigrella crozieri transcriptome contig using BLAST (Madden, 2002) . Opsins  116 showing similar degrees of similarity were found in transcriptomes from five other flatworm taxa 117 (three polyclads; Prostheceraeus vittatus, Stylochus ellipticus, Leptoplana tremellaris and two triclad 118 species Schmidtea mediterranea, Dendrocoelum lacteum). We did not find homologous sequences 119 in the remaining 24 flatworm species representing other flatworm classes, including those in which 120 putative CPRs have been described (catenulids, macrostomids, rhabdocoels, proseriates, 121 monogeneans, cestodes and trematodes). Searching more broadly we found additional opsins 122 similar to protostome c-opsins and xenopsins in a bryozoan, Bugula nerita, and in a chaetognath, 123 
145
Support for the relationships between these well-defined opsin subtypes is very low, indicating that 146 these relationships should be interpreted cautiously. The need for caution is reinforced by the 147 observation that removing the smaller opsin clades from our dataset (chaopsins, bathyopsins, 148 ctenophore and anthozoan opsins), changes the topology of the deeper nodes of our trees 149 (Supplementary figure 2) . 
197
In situ hybridization shows that both cerebral eyes house r-opsin + photoreceptors ( Figure are the unpigmented phaosomal CPRs described in the epidermis of a larval stage (Lacalli, 1983) . 210
Given the presence of acetylated tubulin + cells in the dorsal epidermis of Maritigrella larvae, we 211 think these are multi-ciliated phaosomal cells, but they did not express xenopsin ( Figure Maritigrella we first used antibodies against acetylated tubulin and discovered two clusters of up to 219 100 acetylated tubulin + cells, one either side of the brain ( Figure 3B , Bi & Di). The cells are 220 distributed from the anterior to the posterior of the brain (Fig.3Di ) and extend laterally above 221 nearby branches of the intestine ( Figure 3C ). Histological staining showed that these cells are 222 embedded in extracellular matrix outside of, and lateral to, the brain capsule ( Figure 3C the r-opsin + cells that extend from the pigmented cell cup down to the brain ( Figure 3I ). As is typical 228 for r-opsin-expressing cells, they also express Gαq as revealed by antibody staining ( Figure 3J ). The 229 non-overlapping expression of xenopsin and r-opsin indicates that these opsins are expressed in 230 two distinct photoreceptor types, with r-opsin expressed in the eyes and xenopsin expressed in the 231 extraocular CPRs ( Figure 3K ). 232 233 In order to characterize the morphology of the xenopsin + cells in the adult we carried out serial 254 SEM. These analyses show that these peri-cerebral cells house multiple, unmodified cilia in an intra-255 cellular vacuole and that they sit in close proximity to each other, in dense aggregations ( Figure 4A distance from the base, 9+2 singlets are encountered and then the nine-fold symmetry becomes 275 disorganised and microtubular singlets are found ( Figure 4F ; video 3). As no ciliary rootlets were 276 evident it is most likely that these cilia are non-motile; however, possible dynein arms (generally 277 associated with motile cilia) were observed attached to the A-tubules near the bases of the cilia 278 ( Figure 5F ). We observed these cells in live adults and although the cilia inside the phaosomes were 279 visible, no cilia were seen moving, even in response to changes in illumination. 280 281 
Maritigrella xenopsin forms a photopigment capable of sustained Gα i/o signalling. 315
To determine whether Maritigrella xenopsin functions as a photopigment, and to explore which 316 class(es) of G protein it can couple to, we assessed its ability to modulate levels of the second 317 To assay for Gs coupling (Figure 5A ), cells were transfected with either xenopsin or JellyOp, and 331 Glosensor and exposed to light. As expected, JellyOp induced a >100-fold increase over baseline in 332
Glosensor luminescence, and no response was observed in negative control cells without opsin. By 333 contrast, xenopsin induced a ~40% decrease in Glosensor signal in response to light, suggesting 334
Gi/o coupling. The addition of pertussis toxin (an enzyme that inactivates Gi/o) blocked the 335 decrease in cAMP in xenopsin-expressing cells indicating that it was caused by coupling to Gi/o. We 336 also observed that xenopsin drove a small 0.2 fold increase in luminescence during pertussis toxin 337 treatment, suggesting that xenopsin may also weakly couple to Gs. JellyOp signaling was not 338
affected by the addition of pertussis toxin, which does not interfere with Gs. 339
340
To better assay for Gi coupling, we used the drug forskolin to artificially elevate cAMP by activating 341 adenylyl cyclase prior to light flash. HEK293 have low basal levels of cAMP, so forskolin treatment 342 increases the magnitude of cAMP suppression that is possible to achieve with a Gi/o coupled opsin. 343
Cells were transfected with Glosensor and xenopsin or rod opsin, with or without pertussis toxin 344 pretreatment. After measuring basal cAMP levels, forskolin was added, which induced a strong 345 increase in Glosensor signal that stabilized after ~40 minutes. At this point, cells were exposed to 346 light. Both rod opsin and xenopsin suppressed cAMP to below 50% of pre-flash levels, whereas no 347 decrease was seen in cells without opsin. As expected, the ability of rod opsin and xenopsin to 348 
360
Although xenopsin and rod opsin both suppress cAMP by coupling to Gi/o, there are intriguing 361 differences in the responses they induce. Rod opsin produces a transient decrease in cAMP, which 362 reaches a minimum at 5 minutes post-flash and returns to the level of control cells by 20 minutes. 363
In contrast, xenopsin appears to irreversibly suppress cAMP in this system ( Figure 5B ). The long 364 lifetime of the xenopsin response indicates that its signaling active state is very stable in this 365 system, and suggests that the signal termination mechanisms (e.g. GPCR kinases and beta-arrestins) 366 present in HEK293 cells may not be suitable for xenopsin. Surprisingly, we also observed cAMP 367 increase in pertussis toxin treated cells in the presence of forskolin ( Figure 5B ). This light response 368 implies that although xenopsin can signal via Gi/o it must also have some additional signaling 369 capacity that is capable of increasing cAMP. Our combined Glosensor data suggest that xenopsin 370 may be a promiscuous opsin that is capable of increasing cytosolic cAMP through an as yet 371 undefined pertussis toxin-insensitive pathway, but that Gi/o coupling predominates unless it is 372 artificially inactivated. 373 374 Finally, we tested the ability of xenopsin to modulate cytoplasmic Ca 2+ release, in comparison to 375 melanopsin, with or without pertussis toxin pretreatment. It is known that Gi/o activation can 376 trigger cytoplasmic Ca 2+ release. In cells transfected with melanopsin, light induces a >1000-fold 377 increase in cytoplasmic Ca 2+ , which is not affected by pertussis toxin. Xenopsin triggers a smaller 378 ~100-fold increase in cytoplasmic Ca 2+ , importantly, this response is almost entirely abolished by 379 pertussis toxin ( Figure 5C ). Because we did not detect pertussis-toxin independent Ca 2+ signalling 380 activity, we conclude that xenopsin is not capable of coupling to Gq. Taken together these results 381
show that in human cells, xenopsin forms a functional opsin that predominantly suppresses cAMP 382 in response to light, by coupling to Gi/o pathways, and that it may have a minor capacity to couple 383 to Gs or another undefined pathway. We find that the same is true of a chaetognath and a bryozoan. Why different groups have retained 394 one opsin rather than the other is unknown and whether any species exist with both opsins will 395 require broader sampling. 396
397
One possibility to explain this distribution is that, while clearly separate clades with distinct and 398 conserved genes structures unique to each type of opsin, the two opsins are, nevertheless, largely 399 equivalent. In addition to their relatively close phylogenetic relationship, it is obvious that both 400 opsins are expressed in cells with expanded ciliary membranes. We have now gone beyond 401 comparative analysis of amino acid sequences by demonstrating that xenopsins, like c-opsins, are 402 capable of activating a Gαi signal transduction cascade in living cells. We have shown further 403 similarities in the shared possession of the VxPx motif which, in c-opsins, targets the protein to the 404 ciliary membrane. We have also shown that this motif extends to some cnidopsins, which cluster 405 together with xenopsins and c-opsins in phylogenetic analyses (Fig.1) . 406
407
Our analyses also support the idea that xenopsins themselves duplicated as suggested by the 408 presence of two clades of xenopsin sequences from the polyclad flatworms (Vöcking et al., 2017) . 409
Xenopsins from clade A have the signatures to be photopigments, while those in clade B although 410 they have lysine in transmembrane domain VII to bind to the chromophore, lack the NxQ and VxPx 411 motifs for Gαi-protein binding and transport to cilia. This might suggest that they are 412 photoisomerases supporting the xenopsin photopigments of clade A by recycling the chromophore. 2013). They were fixed in a Petri-dish containing frozen 4% paraformaldehyde (diluted in phosphate 581 buffered saline [PBS]) overnight at 4°C, rinsed in PBS (3 x 5 minutes, 5 x 1 hour washes) at room 582 temperature and dehydrated in a step-wise ethanol series for histology and immunofluorescence, 583 and in a methanol series for mRNA in situ hybridisation. For histology, heads of adult worms (from 584 the pharynx anteriorward) were dissected, cleared in histosol (National Diagnostics), and 585 embedded in paraffin. Paraffin blocks were sectioned at 8-12µm using a Leica (RM2125 RTF) 586 microtome. Larval stages were fixed in 4% PFA in PBS for 20 minutes at room temperature, rinsed 587 in PBS for five x 30 minute washes and stored in 1% PBS-azide at 4°C for immunofluorescence, or 588 dehydrated into 100% methanol and stored at -20°C for mRNA in situ hybridization. were then applied to each slide, and slides were covered with parafilm and incubated in a 600 humidified chamber, in the dark, at room temperature for 2 hours. Slides were rinsed in PBT 3 x 10 601 minutes, and then 4 x 1 hour prior to counterstaining with the nuclear marker 4ʹ ,6-diamidino-2-602 phenylindole (DAPI) (1 ng/ml) and mounting in Fluoromount G (Southern Biotech, Birmingham, AL). 603
Immunostaining of larval stages was performed according to Rawlinson (2010) . 604 605 Primary antibodies used were: anti-acetylated tubulin (Sigma) diluted at 1:500, a polyclonal 606 antibody directed against the C-terminal extremity of the Maritigrella xenopsin protein sequence 607 (GASAVSPQNGEESC; generated by Genscript, Piscataway, NJ, USA) diluted at 1:50, and anti-Gq/11α 608 (C-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1:300. Imaging of 609 immunofluorescence on paraffin sections and larval wholemounts was carried out using an epi-610 fluorescent microscope and a confocal laser scanning microscope, additional images on larvae were 611 taken with an OpenSPIM (Girstmair et al., 2016). For the 3D rendering of the larva a multi-view 612 stack was produced by capturing several angels of the specimen and using Fiji's bead based 613 registration software and multi-view deconvolution plugins (Preibisch 2010 , Preibisch 2014 . 614
mRNA in situ hybridization 616
To analyse the expression of Maritigrella crozieri r-opsin, we performed mRNA in situ hybridization 617 using a riboprobe generated against the r-opsin sequence identified above. A 523bp fragment of M. 618 crozieri r-opsin was PCR amplified using the following primers: r-opsin-fw 619 TCCCTGTCCTTTTCGCCAAA, r-opsin-rv TATTACAACGGCCCCCAACC. The fragment was cloned using 620 the pGEM-T easy vector system, and a DIG-labelled antisense probe was transcribed according to 621 the manufacturer's protocol. mRNA in situ hybridization on paraffin sections of adult tissue was 622 Finally, samples were transferred from vials into fresh Epon mixture in molds and polymerized in an 637 oven at 60 °C for 72 h. 638
639
For TEM, sections of 60-70nm thickness were cut with a diamond knife on a Reichert Ultracut E 640 ultramicrotome. After their collection on formvar film coated mesh grids, the sections were 641 counterstained with lead citrate. The ultrathin sections were analysed using a Jeol-1010 electron 642 microscope at 80 kV mounted with a Gatan Orius camera system. 643
644
For serial SEM the samples were shaped to an ~1 x 4 mm rectangular face using a diamond 645 trimming tool. The block was mounted in a microtome (Leica EM UC7, Buffalo Grove, IL) and thin 646 sections, 50-100 nm in thickness, were cut with a diamond knife. The methods are described in 647 ~6x10 4 HEK293 cells were plated per well in a 96 well plate 24hours prior to transfection in 680 DMEM/10% FCS. Transfections were carried out using Lipofectamine 2000 (Invitrogen). Reporter 681 and opsin-expressing plasmids were co-transfected at 500ng each and incubated for 4-6h at 37°C. 682 DMEM/10% FCS + 10uM 9-cis retinal (Sigma) was then replaced and cells were left overnight at 683 37°C. All steps following initial transfection were carried out in dim red light only. 684 685 Luminescent second messenger assays 686
We tested three biological replicates per treatment, with each biological replicate consisting of an 687 average of three technical replicates (for cAMP assays) or four technical replicates (for Ca2+ 688 assays). 689 690 cAMP increases: Gs 691
For measurements of cAMP increases as an indication of Gs activity, wells of cells were transfected 692 with pcDNA/FRT/TO Glo22F and opsin. Following transfection and overnight incubation, media was 693 replaced with L-15 medium, without phenol red (Invitrogen), 10% FCS with 2mM beetle luciferin 694 (Promega) for 1-2 hours at room temperature. Luminescence of the cells was measured with a 695
Fluostar optima plate reader (BMG Labtech). After 6 minutes, cells were exposed to a flash of 696 470nm light (10 15 photons) followed by a recovery period where relative luminescence units (RLU) 697 were recorded every minute for up to 25 minutes. 698 699 cAMP decreases: Gi/o 700
Decreases in cAMP are difficult to measure from baseline cAMP reporter luminescence and so cells 701 were treated with 2uM forskolin to artificially raise cAMP levels at 6 minutes. Luminescence was 702 measured before and after the forskolin addition until the increase in luminescence plateaued. Cells 703 were then flashed with 470nm light (as above) and luminescence measured for up to 45mins. 704 705 Ca2+ increases: Gq/11 706 Cells transfected with pcDNA5/FRT/TO mtAeq and opsins were incubated with 10uM 707
Coelenterazine h (Biotium) in L-15 medium, without phenol red (Invitrogen), 10%FCS in the dark for 708 2 h before recording luminescence on the plate reader. After 10 seconds, cells were flashed with 709 470nm light (10 15 photons) before immediately resuming recording for 60 seconds.. 
